Oscillatory zoning and fine-scale variations in trace element chemistry are commonly observed in hydrothermal minerals. It has been suggested that fine-scale chemical variations are caused by extrinsic changes in the parent hydrothermal system, such as varying fluid composition, pressure or temperature, as well as changes in mineral growth rate. In this study, LA-ICP-MS (laser ablation, inductively coupled plasma mass spectrometer) analyses were carried out on calcite crystals grown in Ca-NH 3 -Cl solutions doped with rare earth elements (REE). The variety of crystal morphologies observed (euhedral to acicular), likely relate to variations in trace element abundance and calcite supersaturation state. Crystals display oscillatory and sector zoning, with significant variations in REE concentrations among zones. Cyclic variations in REE concentrations (exceeding 10-fold) occur over distances of <1 mm along the growth direction of acicular calcite crystals. In general, trace element concentrations decrease during progressive crystal growth, implying that the concentration of trace and REEs within crystals reflects the overall composition of the growth solution. However, bulk changes in crystal composition are modulated by fine-scale (<1 mm) variations, which are inferred to be caused by growth-rate-controlled incorporation of trace elements. These results have important implications for using hydrothermal minerals to infer fluctuations in fluid compositions in ancient, exhumed hydrothermal systems.
INTRODUCTION
Veins composed of hydrothermal minerals contain the integrated record of hot fluids migrating through the Earth's crust. Fluid migration leads to various mineral reactions, and the precipitation of hydrothermal minerals. Zoned minerals, deposited from hydrothermal solution, may provide semi-continuous records of hydrothermal fluid chemistry (e.g. Rye & Bradbury 1988; Jamtveit & Hervig 1994; Cline 2001; Elburg et al. 2002; Rusk & Reed 2002; Rusk et al. 2008 , along with numerous other examples). These records are useful to determine how hydrothermal systems evolved, and are of particular interest in ore-forming hydrothermal systems, where hydrothermal minerals may record key processes of metal precipitation. Studies of hydrothermal mineral composition require that the hydrothermal mineral growth mechanism is well constrained, i.e. the relative timing of mineral precipitation is known. In addition, an understanding of the variation in trace element and isotopic compositions of minerals precipitated at different locations at the same time (i.e. compositional zoning) is required.
Previous studies have demonstrated that various processes affect the chemical and isotopic composition of hydrothermal minerals, including changes in fluid source and fluid flow pathways (e.g. Rye & Bradbury 1988; Wogelius et al. 1997; Cline 2001; Elburg et al. 2002; Rusk & Reed 2002; Barker et al. 2006; Rusk et al. 2006; Allan & Yardley 2007; Cox 2007) . Zoned hydrothermal minerals are common, and include sulphide (e.g. pyrite), silicate (e.g. quartz) and carbonate (e.g. calcite, dolomite) minerals. Different growth zones in sulphide minerals have been demonstrated to be caused by several stages of sulphide precipitation, during several separate hydrothermal events (e.g. pyrite in Carlin-type gold-bearing hydrothermal systems; Cline & Hofstra 2000; Cline 2001; Barker et al. 2009 ), and to crystallographic controls on the differential uptake of trace elements into sulphide during a single hydrothermal event (e.g. Chouinard et al. 2005) . Variations in trace element concentrations and textures in hydrothermal quartz veins have been related to changes in temperature, pH, oxygen fugacity and fluid source (Flem et al. 2002; Monecke et al. 2002; Mueller et al. 2003; Rusk et al. 2006 Rusk et al. , 2008 . Concentric zoning of trace elements in natural carbonate cements has been widely reported, and is commonly interpreted to be caused by fluctuations in bulk fluid composition (see review of Shore & Fowler 1996) .
In addition to geological controls on the composition of hydrothermal minerals, various disequilibrium and nonlinear processes further modulate the isotopic and trace element composition of hydrothermal minerals (Ortoleva et al. 1987; Dickson 1991; Onasch & Vennemann 1995; Jourdan et al. 2006; Allan & Yardley 2007; van Hinsberg & Marschall 2007) . Several crystal growth studies (e.g. Reeder & Grams 1987; Paquette & Reeder 1990 Reeder et al. 1990; Prieto et al. 1997) have demonstrated that zoned crystals may be precipitated from solutions that have approximately constant composition throughout crystal growth. These studies show that considerable stable isotope and trace and minor element variability occur within and between single minerals precipitated at equivalent times. Thus, considerable caution is required when interpreting variations in trace element concentrations within hydrothermal minerals.
Changes in rare earth element (REE) concentrations and patterns are of particular interest in hydrothermal minerals, as they likely respond to changes in absolute REE concentrations in solution, fluid oxidation state and changes in the types and concentrations of REE-complexing species (Bau 1991; Bau & Moller 1992) . In this study, we document the morphology, internal zoning and REE compositions of synthetic calcite crystals grown in REE-doped solutions. Laser ablation, inductively coupled plasma mass spectrometry (LA-ICP-MS) is used to measure REE concentrations variations in crystals grown from solutions of approximately constant composition. These results have implications for the interpretation of changes in trace and REE concentrations in natural hydrothermal minerals.
METHODS
Calcite crystals were grown using the method of Gruzensky 1967; where NH 3 and CO 2 gases sublime from ammonium carbonate, and diffuse into an aqueous solution of calcium and ammonium chloride, causing calcite supersaturation and precipitation. Approximately 850 ml of MilliQ water (>18 MX resistance) was placed into four 1 l LDPE Nalgene-Nunc brand bottles. Into this, sufficient CaCl 2 and NH 4 Cl (analytical reagent grade, 99.9% pure) were added to create a solution with calculated Ca 2+ concentrations of approximately 0.02 and 0.17 mol l )1 (Table 1) .
Into these solutions, a mixed REE spike (La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Lu), created from pure REE metals dissolved and stabilized in HNO 3 , was added to create solutions with known concentrations of approximately 10 and 100 ppb (parts per billion) REEs (see Table 1 ). Mg, Fe, Sr and Mn were not added intentionally to solutions, and are likely due to contamination of the reagent grade CaCl 2 starting solution.
Initial solution pH was low, as a result of the acidic REE spike. Starting pH values in the 100-ppb solutions were 1.9-2, whereas initial pH values in the 10-ppb solutions were 5 and 6.3. Bottles were immersed in a temperaturecontrolled water bath, at a constant temperature of 30°C. Over several days, solution pH rose, and stabilized at values of 7.4-7.8. Calcite precipitation began within a few days of pH stabilization, as carbon dioxide diffused into the solution. After 3 months, calcite crystals were recovered from solution by placing the bottles in an ultrasonic bath for 15 min, and passing the solutions through a filter paper. Significant fine-grained calcite 'scale' remained inside the bottles. The growth of calcite in all solutions was confirmed by XRD analysis. Crystal morphology was examined using light and scanning electron microscopy (SEM). Recovered crystals were mounted in epoxy and polished to expose the core of crystals and examined using et al. 1996) . High-spatial resolution was achieved by using 20-lm spots at 10 laser pulses per second with a moderately low laser fluence (5 J cm )2 ), and by minimizing mean particulate residence times in the ablation cell volume following each laser pulse (Eggins et al. 1998) . Internal standardization was carried out using 43 Ca. During initial data reduction, data are binned into 1-sec intervals, giving a spatial resolution of 30 lm. The NIST 612 glass standard was used for calibration, using the values of Pearce et al. (1997) .
During laser ablation spot analysis, individual growth zones were targeted on the basis of CL images. However, individual growth zones identified by CL at the surface do not necessarily extend in the third dimension. Thus, analyses conducted on equivalent growth zones on crystals may be influenced by varying morphology in the third dimension, and this possibility must be taken into account during interpretation of laser ablation data. Such changes in morphology would also be present in natural crystals.
RESULTS

Sample description
Solutions 2 (high Ca, low REE) and 4 (low Ca, low REE; see Table 1 ) grew a mixture of fine-grained crystal aggregates, and stubby to equant calcite crystals. These crystals display both sector and oscillatory zoning under CL. Crystals grown from solution 1 (high Ca, high REE) show a 'tulip' morphology, with a narrow, 'stalk' base and bulbous terminus with well-developed crystal faces (Fig. 1A) . In surfaces cut parallel to the long axis of the crystal, CL reveals bright, patchy cores at the crystal bases and poorly luminescent calcite at the crystal edges. In surfaces cut perpendicular to the long axis of the crystal, CL imaging reveals (Fig. 1A ) bright cores with oscillatory zoning (zones approximately 20 lm wide) and sector-zoned overgrowths.
Crystals grown from solution 3 (low Ca, high REE) have a markedly different (acicular) morphology to the other crystals. Crystals are up to several millimetres in length and <0.5 mm wide (Fig. 1B) . SEM images reveal that the needles are formed from a network of bladed subcrystals with a scalenohedral morphology (Fig. 1C) . Examination of the needles in thin section reveals that each needle is composed of one continuous calcite crystal. Cathodoluminescence imaging of calcite needles reveals thin bands approximately 20-40 lm thick, perpendicular to the long axis of the crystal (Fig. 1D) . Figure 2 shows the results of a laser ablation line profile along a polished needle grown in solution 3 (full results from the two adjacent traverses may be found in the Data S1). Strontium and Mg were not added into the REE spike, and are presumably due to contamination in the CaCl 2 powder from which solutions were prepared. Magnesium concentrations average 35 ppm (parts per million) in one traverse, and 50 ppm in the other traverse. Strontium concentrations lie between 20 and 40 ppm, and are relatively well correlated between traverses (r 2 = 0.42). In addition, Mn (r 2 = 0.28) and Ba (r 2 = 0.26) are relatively well correlated between traverses, whereas Fe (r 2 = 0.02) and Mg (r 2 = 0.03) are poorly correlated between traverses. REE concentrations are high (tens to hundreds of ppm). Lanthanum and Yb concentrations (Fig. 2 ) vary significantly over distances of <0.5 mm, with changes in REE concentrations highly correlated within each traverse. In addition, changes in REE are well correlated between traverses (see Data S1). It is noted that changes in trace element concentrations along line profiles carried out on fibres vary substantially more (relative standard deviation >50%) than line profiles made along NIST 612 glass standard (relative standard deviation of 2-3%). Thus, the trace element variations observed along crystals are not likely to be analytical artefacts. Figures 3 and 4 show cathodoluminescence zoning of latitudinal and longitudinal slices (respectively) cut through elongate crystals from solution 1, as well as REE patterns from selected analyses (determined by LA-ICP-MS). These crystals are very similar in shape to the crystal from solution 1 shown in Fig. 1a . REE concentrations are the highest at the core of crystals (coincident with highest CL intensity) and generally become lower towards the outside of the crystals. This is consistent with preferential uptake of REE from solution, and gradual drawdown of REE concentrations in the solution. At the base of the crystal (where growth began), REE concentrations are high [with middle rare earth elements (MREE) depletion]. Near the top of the crystal (in the region of euhedral crystal growth), REE patterns become flatter, and REE REE zoning in calcite: experimental insights 3 concentrations decrease. Calcite with brighter luminescence is coincident with higher REE and Sr concentrations. The transition from highly luminescent calcite to poorly luminescent calcite is coincident with the change in crystal morphology from the narrow 'stalk-like' base to the bulbous head (Fig. 1a) . 
DISCUSSION
In the following section, we discuss the implication of the results outlined above for the interpretation of trace and REE variations in natural hydrothermal minerals. Zhong & Mucci (1995) , which may be related to different experimental conditions. The growth of calcite needles in solution 3 proved to be serendipitous, as it allows changes in calcite chemistry over time to be examined more easily than in the rhombohedral crystals, as the relative timing of crystal growth can be more easily interpreted. Similarly, in natural hydrothermal veins, antitaxial and syntaxial fibrous veins that grow progressively (Durney & Ramsay 1973; Oliver & Bons 2001) may be used to trace the evolution of a hydrothermal system over time (Barker et al. 2006) . Two points of interest raised by these results are: (1) Trace element concentrations can vary by an order of magnitude over distances of approximately 200 lm in the calcite needles. (2) No systematic variations in cerium or europium anomalies were noted during the growth of the calcite needles. The deviation of normalized Ce and Eu values from those anticipated in a mineral is known as a Ce or Eu anomaly. This is expressed as Ce ⁄ Ce*, or Eu ⁄ Eu*, where Ce* and Eu* are the predicted normalized values, based on the normalized values of the adjacent REEs (Towell et al. 1965) . Cerium and Eu anomalies in hydrothermal minerals have been used to infer variations in fluid-rock reaction, fluid source and fluid oxidation state (e.g. Bau & Moller 1992; Brugger et al. 2006) . Europium (Eu ⁄ Eu*) and cerium (Ce ⁄ Ce*) anomalies along the long axis of a calcite needle are shown in Fig. 2 . Values for Eu ⁄ Eu* are not different at the 2r level between the adjacent traverses (0.84 ± 0.1 and 0.95 ± 0.05). Average values for Ce ⁄ Ce* are identical for the two traverses.
Calcite near the edges of crystals generally had low REE concentrations, which is inferred to be due to drawdown of REE from the fluid reservoir. Due to the inadvertent discarding of the growth solutions, REE concentrations were not measured at the end of the growth experiments, making this impossible to verify.
Rare earth element patterns show some variation between different sector zones, with variable MREE depletion. However, patterns remained relatively flat showing no significant LREE enrichment or HREE enrichment. In addition, no significant changes in Eu or Ce anomalies Table 1 ).
were measured within or between crystals. Wood (1990) determined that at low-temperatures (25°C), trivalent REE species will dominate. Thus, in the experiments described in this study, the generation of REE anomalies due to changes in oxidation state would not be anticipated. Changes in Ce and Eu anomalies during the growth of hydrothermal vein minerals are likely to indicate that an extrinsic factor (fluid mixing, fluid-rock reaction) has affected the composition or oxidation state of the hydrothermal fluid. In contrast, REE patterns may be somewhat influenced by crystallographic affects, with results from this study indicating that the MREE concentrations are more variable than the light and heavy REE, with flat to concave REE patterns measured within the same crystal (Fig. 3) . The fine-scale variations in REE concentrations observed in these synthetic calcite needles are similar (in distance and concentration change) to the variations in trace and REE concentrations determined in natural hydrothermal carbonate veins by Wogelius et al. (1997) , Elburg et al. (2002) and Barker et al. (2006) . The spatial scale of the trace element concentrations changes appears similar to the scale of the banding observed in the laboratory-grown acicular calcite crystals (Fig. 1d) . Notable is that trace element concentrations can vary by up to an order of magnitude over several hundred microns. Furthermore, trace element concentrations fluctuate with distance (equivalent to fluctuations in time). This is an important observation, as it suggests that trace element concentrations alone cannot be used to make inferences about extrinsic chemical changes in the fluid from which calcite precipitated, but additional information, such as stable or radiogenic isotope data, is required.
This set of exploratory experiments reveals new information on REE zoning within calcite. In general: (i) calcite inferred to have precipitated at the start of crystal growth has higher REE concentrations, and MREE depleted patterns; (ii) calcite precipitated towards the end of crystal growth has lower REE concentrations and flat to LREE enriched patterns; and (iii) oscillatory and sector zoning is developed within calcite crystals. These observations have important implications for natural hydrothermal carbonate minerals. In general, a monotonic change in REE concentrations, patterns, or Ce and Eu anomalies would reflect a geological process of some kind. However, oscillatory trace element concentration zoning preserved within hydrothermal minerals may not reflect any particular geological process (such as crack-seal growth of hydrothermal minerals, or variable supply of fluid due to changes in the permeability structure of surrounding rocks).
Growth-rate control on trace element uptake in natural veins
In the analyses conducted along the acicular crystals, different trace elements show contrasting behaviour in adjacent traverses along the same calcite needle (Fig. 2) . As described above, Sr concentrations correlate well between traverses on the same crystal, whereas Mg concentrations are poorly correlated. This is similar to the behaviour for different trace elements in vein calcite noted by Barker et al. (2006) , which implies that there is a fundamental difference in behaviour between different trace elements during their uptake into the calcite crystal lattice. The lack of correlation between changes in Mg and Sr concentrations rules out the inhibition mechanism of Wang & Merino (1992) , which should affect all divalent cations in a similar manner.
Fine-scale variations in trace element concentrations in calcite may be explained by the growth entrapment model of Watson (1996 Watson ( , 2004 , which suggests that the concentration of a trace element in a growing crystal is controlled by the concentration of that element in the 'near-surface' region of the growing crystal, and competition between crystal growth (trapping surface enriched elements) and ion migration in the near-surface region (which attempts to rid the crystal lattice of impurities). Therefore, the spacing and amplitude of compositional zones could provide quantitative information about the precipitation rate of material in hydrothermal veins, if growth-rate-controlled fluctuations could be separated from the extrinsic affects of geological controls. Watson (2004) used the data of Lorens (1981) and Tesoriero & Pankow (1996) to estimate partition coefficients between calcite crystals and parent solutions at different calcite growth rates. Strontium and Ba show higher partition coefficients at higher growth rates, whereas Mn shows lower partition coefficients at higher growth rates. In the calcite needles, Sr and Mn concentrations show a weak negative correlation (r 2 = )0.30) and Sr and Ba concentrations show a weak positive correlation (r 2 = +0.43), consistent with the incorporation of these trace elements being somewhat controlled by crystal growth rate. In addition, the base of the 'tulip' crystals (Fig. 4 ) has higher concentrations of Sr, and lower concentrations of Mn, consistent with faster growth rates at the base of the 'tulip stem' and slower growth rates in the 'tulip bulb'. It is suggested that calcite that precipitated at faster rates would preserve more significant compositional zoning, because variations in the near-surface region of the crystal would be captured by the more rapidly growing crystal (Watson 2004) . Contrastingly, calcite precipitated more slowly would have less prevalent compositional zoning, because there is more time for elements in solution to diffuse through the surface layer and reach equilibrium with the crystal lattice. Gabitov & Watson (2006) suggested that crystal growth rates slower than 0.5 mm year )1 are required to reach equilibrium partitioning of Sr between a growing calcite crystal and fluid at 25°C. Therefore, calcite crystals forming in a hydrothermal vein would need to grow at a rate of more than 0.5 mm per year to capture fine-scale variations in Sr concentrations (assuming that there were no external controls on Sr supply, or significant changes in temperature or pressure that might affect Sr uptake). Indeed, faster growth rates would probably be required to preserve compositional variations, as trace element diffusion rates will be faster at higher temperatures.
Hydrothermal vein textures
An important result from these experiments is the variation in crystal morphology described in calcite, which grew in different composition solutions. Among the four solutions, those with higher REE concentrations grew elongate and needle-like crystals, whereas solutions with lower REE concentrations grew equant to stubby crystals with rhombohedral and prism faces. Previous workers have suggested that a variety of factors influence carbonate mineral crystal habits. Given & Wilkinson (1985) suggested that carbonate crystal morphologies are controlled by the rate at which growth nutrients are supplied. Calcite growth experiments by Gonzalez et al. (1991) found that at low supersaturation states, crystal habits are limited to those with shallow to steep rhombohedral forms, whereas with increasing supersaturation, scalenohedrons, extremely steep rhombohedrons, pinacoids and hexagonal prisms are developed. In addition, Fernandez-Diaz et al. (1996) ). The influence of solution chemistry on crystal morphology has important implications for the interpretation of hydrothermal vein textures. REE concentrations decrease from crystal cores to rims, indicating that REEs were progressively taken up from solution (leading to depleted REE concentrations in solution). High-spatial resolution LA-ICP-MS analyses of synthetic calcite crystals demonstrate significant fluctuations in Mg, Fe, Sr and REE concentrations over distances of <200 lm in the inferred growth directions of crystals. These analyses indicate that fluctuations in the trace element content of natural carbonates cannot be interpreted strictly in terms of extrinsic changes in fluid chemistry. However, Eu ⁄ Eu* and Ce ⁄ Ce* anomalies do not appear to be as significantly influenced by compositional zoning, and may be a robust indicator of changes in bulk solution chemistry or oxidation state. Further experimental work, with integrated monitoring of crystal growth and solution chemistry, is needed to constrain variables such as REE speciation, crystal growth rates, and Table 1 ), Sr, Mn and Fe concentrations along the length of the crystal for analysis spots marked on crystals.
